$\Delta A_{CP}$ within the Standard Model and beyond by Chala, Mikael et al.
IPPP/19/25
∆ACP within the Standard Model and beyond
Mikael Chala, Alexander Lenz, Aleksey V. Rusov and Jakub Scholtz
Institute for Particle Physics Phenomenology, Durham University,
DH1 3LE Durham, United Kingdom
Abstract
In light of the recent LHCb observation of CP violation in the charm sector, we review
standard model (SM) predictions in the charm sector and in particular for ∆ACP . We
get as an upper bound in the SM |∆ASMCP | ≤ 3.6×10−4, which can be compared to the
measurement of ∆ALHCb2019CP = (−15.4±2.9)×10−4. We discuss resolving this tension
within an extension of the SM that includes a flavour violating Z ′ that couples only to
s¯s and c¯u. We show that for masses below 80 GeV and flavour violating coupling of
the order of 10−4, this model can successfully resolve the tension and avoid constraints
from dijet searches, D0 −D0 mixing and measurements of the Z width.
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1 Introduction
CP violation has so far been firmly established in the down-quark sector, while similar
effects in the charm-quark sector were expected to be tiny. In 2011 the LHCb Collaboration
reported [1] the first evidence for such an effect in the quantity
∆ACP = ACP (K
−K+)− ACP (pi−pi+) , (1)
where the time dependent asymmetry into a final state f is given by
ACP (f, t) =
Γ(D0(t)→ f)− Γ(D0(t)→ f)
Γ(D0(t)→ f) + Γ(D0(t)→ f)
. (2)
This asymmetry can be further decomposed into a direct CP asymmetry and a mixing induced
CP asymmetry:
ACP (f, t) = a
dir
CP (f) +
t
τ(D0)
aindCP , (3)
where τ is the lifetime of the neutral D meson. The flavour of the initial state (D0 or D
0
) can
either be tagged by identifying the charge of the pion in the decay D+∗ → D0 + pi+ (pion tag)
or by identifying the muon in the decay B → D0µ−X (muon tag). Originally, the large effect
in ∆ACP was confirmed by CDF [2] and Belle [3]. Later on, the effect was not seen in an LHCb
analysis based on muon tag [4, 5] and it also disappeared largely in the pion tag analysis [6]. At
that point in time, the theoretical interpretation of a large direct CP violation was also rather
inconclusive, see e.g. Ref. [7] and it was not clear whether a large value of ∆ACP could still be
due to underestimated non-perturbative effects (see e.g. Refs. [8, 9, 10, 11, 12, 13, 14, 15, 16])
or whether this was already a clear indication of new physics (see e.g. Refs. [17, 18, 19, 20]).
At Moriond 2019, the LHCb collaboration presented new measurements [21] and the combined
value is currently
∆AExp.CP = (−15.4± 2.9)× 10−4 , (4)
being 5.3 standard deviations away from zero and originating mostly from direct CP violation.
See Tab. 1 for a summary of experimental results and their references.
2 Standard Model predictions in the charm sector
Reliable theory predictions in the charm sector seem to be notoriously difficult. Sometimes
the famous ∆I = 1/2 rule in the Kaon sector is given as a motivation for very large hadronic
effects in the charm sector (see e.g. Refs. [8, 9, 10, 13]). This argument has, however, several
flaws. First, the D → pipi data show no enhancement of the ∆I = 1/2 over the ∆I = 3/2
amplitude, see Ref. [14]. Next, modern theoretical explanations of the ∆I = 1/2 rule in the
Kaon sector, based on lattice calculations [23, 24] see no enhancement of penguin contributions
(this would be required for a large value of ∆ACP ), but a severe cancellation of tree level
contributions (see [25] for a similar comment). Finally, the extrapolation of results from the
strange sector to the charm seems to lack a theoretical foundation.
We will briefly review the prime example where the SM seems to be orders of magnitudes off:
charm mixing. On the other hand, we found recently that charm lifetimes can be unexpectedly
well described within the SM. Finally, we show that the seemingly huge discrepancy in charm
mixing could actually be due to small (as low as 20%) unknown non-perturbative effects.
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Experiment ∆ACP × 104 Tag arXiv Reference
BaBar +24± 62± 26 pion 0709.2715 [22]
LHCb −82± 21± 11 pion 1112.0938 [1]
CDF −62± 21± 10 pion 1207.2158 [2]
Belle −87± 41± 6 pion 1212.1975 [3]
LHCb +49± 30± 14 muon 1303.2614 [4]
LHCb +14± 16± 8 muon 1405.2797 [5]
LHCb −10± 8± 3 pion 1602.03160 [6]
LHCb −18.2± 3.2± 0.9 pion 1903.08726 [21]
LHCb −9± 8± 5 muon 1903.08726 [21]
Table 1: Time evolution of CP violation in the charm sector.
2.1 Charm mixing
Diagonalisation of the 2× 2 matrix describing the mixing of the neutral D mesons gives the
same eigenvalue equations as in the neutral B systems:
∆M2D −
1
4
∆Γ2D = 4
∣∣MD12∣∣2 − ∣∣ΓD12∣∣2 , ∆MD∆ΓD = 4 ∣∣MD12∣∣ ∣∣ΓD12∣∣ cos(φD12) , (5)
where ∆MD is the mass difference and ∆ΓD is the decay rate difference of the mass eigenstates
of the neutral D mesons. The box diagrams giving rise to D mixing can have internal d,
s and b quarks — compared to u, c, t in the B sector. MD12 denotes the dispersive part
of the box diagram, ΓD12 the absorptive part and the relative phase of the two is given by
φD12 = − arg(−MD12/ΓD12). Unlike in the B system, where |Γ12/M12|  1 holds, the expressions
for ∆MD and ∆ΓD in terms of M
D
12 and Γ
D
12 can not be simplified, and both M
D
12 and Γ
D
12 have to
be known in order to compute ∆MD or ∆ΓD. On the other hand, it is well-known that bounds
like ∆ΓD ≤ 2|ΓD12| hold [26, 27]. The experimental measurements (webupdate of Ref. [28]) of
the mass and decay rate differences yield very small values
x ≡ ∆MD/ΓD =
(
0.39+0.11−0.12
)
% , y ≡ ∆ΓD/(2ΓD) =
(
0.651+0.063−0.069
)
% , (6)
where ΓD denotes the total decay rate of the neutral D mesons. While a decay rate difference
in the neutral D system is by now firmly established, the possibility of having a vanishing
mass difference is still not excluded — the strongest evidence is currently coming from the
measurement reported in Ref. [29] and the future experimental sensitivity for x and y will be
at the order of 0.005% [30].
The on-shell contribution ΓD12 can be expressed in terms of box diagrams differing in the
internal quarks — (ss¯), (sd¯), (ds¯) and (dd¯). Using the unitarity of the CKM matrix [31, 32],
namely λd + λs + λb = 0 with λx = VcxV
∗
ux, one gets
ΓD12 = −λ2s
(
ΓDss − 2ΓDsd + ΓDdd
)
+ 2λsλb
(
ΓDsd − ΓDdd
)− λ2bΓDdd . (7)
Eq. (7) shows a very pronounced CKM hierarchy: expressed in terms of the Wolfenstein pa-
rameter [33] λ ≈ 0.225 (webupdate of Refs. [34, 35]) one has λs ∝ λ and λb ∝ λ5. In the exact
3
SU(3)F limit, Γ
D
ss = Γ
D
sd = Γ
D
dd holds and the first two terms of the r.h.s. of Eq. (7) vanish and
only the tiny contribution from the third term survives. The determination of MD12 involves, in
addition, box diagrams with internal b quarks and in contrast to ΓD12, the dispersive part of the
diagrams has to be determined. Denoting the dispersive part of a box diagram with internal i
and j quarks by MDij and using CKM unitarity again one gets the following structure:
MD12 =λ
2
s
[
MDss− 2MDsd +MDdd
]
(8)
+2λsλb
[
MDbs−MDbd−MDsd +MDdd
]
+ λ2b
[
MDbb− 2MDbd +MDdd
]
.
In the case of neutral B mesons, the third term (replacing b, s, d→ t, c, u) is clearly dominant,
while in the case of D mesons the extreme CKM suppression of λb might be compensated by a
less pronounced GIM cancellation [36] and in the end all three contributions of Eq. (8) could
have a similar size.
For the theoretical determination of MD12 and Γ
D
12, one can use a quark-level (inclusive) or a
hadron-level (exclusive) description. The inclusive approach for ΓD12 is based on the heavy quark
expansion (HQE) [37, 38, 39, 40, 41, 42, 43] and works very well for the B system [44, 45, 46].
Applying the HQE (the relevant non-perturbative matrix elements of dimension six operators
have been determined in Refs. [47, 48, 49, 46]) to a single diagram contributing to ΓD12 – e.g.
only internal ss¯ quark – one gets five times the experimental value of y [50]. Applying the
HQE to the whole expression of Eq. (7) leads to an extremely severe GIM cancellation and the
overall result lies about four orders of magnitude below the experiment! Given that the HQE
succeeds in the B system1 and for D meson lifetimes, which we will discuss below, it is unlikely
that the HQE fails by four orders of magnitude in charm mixing. Instead, the problem seems
to be rooted in severe GIM cancellations.
The exclusive approach [51, 52, 53, 54, 55] aims to determine MD12 and Γ
D
12 at the hadron
level. A potential starting point are the expressions
ΓD12 =
∑
n
ρn〈D0|H∆C=1eff. |n〉〈n|H∆C=1eff. |D0〉 , (9)
MD12 =
∑
n
〈D0|H∆C=2eff. |D0〉+ P
∑
n
〈D0|H∆C=1eff. |n〉〈n|H∆C=1eff. |D0〉
m2D − E2n
, (10)
where n denotes all possible hadronic states into which both D0 and D
0
can decay, ρn is the
density of the state n and P is the principal value. Unfortunately, a first principle calculation of
all the arising matrix elements is beyond our current abilities. Thus we have to make simplifying
assumptions like only taking into account the phase space induced SU(3)F breaking effects and
neglecting any other hadronic effects. Doing so, the authors of Refs. [51, 52] found that x and y
could naturally be of the order of a per cent. On the other hand, such a treatment clearly does
not allow to draw strong conclusions about the existence of beyond the SM (BSM) effects. The
exclusive approach can be improved by using experimental input, as done in Refs. [53, 54], or by
trying to take into account additional dynamical effects. In Ref. [55] the factorization-assisted
topological-amplitude approach was used for this purpose.
2.2 Lifetimes
The theory prediction for lifetimes of charmed hadrons relies on exactly the same theoretical
framework as the inclusive determination of Γ12 above. However, in the lifetime calculations
1In the B system the expansion parameter is only a factor of three smaller.
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there are no GIM cancellations present. As a result, one can gain insight whether the huge
discrepancy between inclusive theory prediction and experiment for charm mixing is due to a
complete failure of the HQE or whether it is rooted in the almost perfect GIM cancellation.
In the charm sector we find very large ratios of lifetimes among charmed hadrons. In
particular [56]
τ(D+)
τ(D0)
∣∣∣∣
Exp.
=
(1040± 7) fs
(410.1± 1.5) fs = 2.536± 0.019 . (11)
According to the HQE the lifetime of a hadron containing a heavy quark of mass mQ can be
expanded as
1
τ
= Γ = Γ0 +
Λ2
m2Q
Γ2 +
Λ3
m3Q
Γ3 +
Λ4
m4Q
Γ4 + ... . (12)
The hadronic scale Λ is of order ΛQCD. Its numerical value has to be determined by direct
computation. For hadron lifetimes, Γ3 turns out to be the dominant correction to Γ0. Each of
the Γi’s can be split up in a perturbative part and non-perturbative matrix elements. It can
be formally written as
Γi =
[
Γ
(0)
i +
αs
4pi
Γ
(1)
i +
α2s
(4pi)2
Γ
(2)
i + ...
]
〈Od=i+3〉 , (13)
where Γ
(0)
i denotes the perturbative LO-contribution, Γ
(1)
i the NLO one and so on; 〈Od=i+3〉
is the non-perturbative matrix element of ∆Q = 0 operators of dimension i + 3. The ratio
τ(D+)/τ(D0) is by far the theoretically best studied charm system (see Ref. [57]) because Γ
(1)
3
and Γ
(0)
4 are known [58] and the hadronic matrix elements have been determined via 3-loop
HQET sum rules [46]. One finds a very promising agreement with the measurement [46]
τ(D+)
τ(D0)
∣∣∣∣
HQE.
= 2.70+0.74−0.82 =
[
1 + 16pi2(0.25)3(1− 0.34)]+0.74−0.82 , (14)
indicating an expansion parameter Λ/mc ≈ 0.25...0.34, hinting at the validity of the HQE in
the charm sector. The current theory uncertainty is still dominated by the hadronic matrix
elements of dimension six operators. At this point, an independent determination with lattice
QCD would be very desirable. The precision of the HQET sum rules could also be considerably
improved by performing the QCD-HQET matching at NNLO; see e.g. Ref. [59] for a first step
in that direction.
2.3 Duality violation in charm mixing
The discrepancy in the HQE prediction of Γ12 and the experimental value of y could be
resolved by including phase space dependent violations of duality of order 20%; see Ref. [27].
This is another indication that there is no need for huge unknown non-perturbative effects in
the charm sector.
Another interesting idea [60, 61, 62, 63] is a lifting of the severe GIM cancellation in the first
and second term of Eq. (7) by higher terms in the HQE. This would overcompensate for the
Λ/mc suppression. First estimates of the dimension nine contribution in the HQE for D mixing
[64] indicate an enhancement compared to the leading dimension six terms. Unfortunately, this
contribution is not large enough to explain the experimental value. A full theory determination
of the HQE terms of dimension nine and twelve will provide further insight.
5
It is instructive to note that the lifting of GIM cancellation in D-mixing by higher orders
in the HQE [60, 61, 62, 63] could also yield a sizeable CP violating phase in Γ12, stemming
from the second term on the r.h.s. of Eq. (7). According to Ref. [63], values of up to 1%
for φD12 are not yet excluded. After settling the issues with the inclusive theory prediction for
ΓD12 one could aim for a quark level determination of M
D
12. On a very long time-scale, direct
lattice calculations might also be able to predict the SM values for D-mixing by building up
on methods described in Ref. [65].
Since we found that the expansion in 1/mc and αs(mc) is applicable for total inclusive
quantities like lifetimes, we now turn to the theoretical description of the exclusive quantity
∆ACP with an increased confidence in the applicability of such an expansion.
3 SM prediction for ∆ACP
3.1 Naive expectation
The amplitude of the singly Cabibbo suppressed (SCS) decay D0 → pi+pi− can be expressed
as
A(D0 → pi+pi−) = VcdV ∗ud
(
ATree + A
d
Peng.
)
+ VcsV
∗
usA
s
Peng. + VcbV
∗
ubA
b
Peng. , (15)
where we have split the amplitude into a tree-level amplitude ATree with the CKM structure
VcdV
∗
ud and three penguin contributions A
q
Peng. with the internal quark q = d, s, b and the CKM
structure VcqV
∗
uq. All additional, more complicated, contributions like e.g. re-scattering effects
can be put into the same scheme. Using the effective Hamiltonian and the unitarity of the
CKM matrix we can rewrite this expression as [7]
A ≡ GF√
2
λd T
[
1 +
λb
λd
P
T
]
, (16)
with the CKM structures λq = VcqV
∗
uq. T contains pure tree-level contributions, but also penguin
topologies (P), weak exchange (E) insertions and rescattering (R) effects and P consists of tree-
insertion of penguin operators and penguin-insertions of tree level operators:
T =
∑
i=1,2
Ci〈Qdi 〉T+P+E+R −
∑
i=1,2
Ci〈Qsi 〉P+R ,
P =
∑
i>3
Ci〈Qbi〉T −
∑
i=1,2
Ci〈Qsi 〉P+R . (17)
Physical observables, like branching ratios or CP asymmetries, can be expressed in terms of
|T |, |P/T | and the strong phase φ = arg(P/T ) as
Br ∝ G
2
F
2
|λd|2|T |2
∣∣∣∣1 + λbλd PT
∣∣∣∣2 , (18)
adirCP =
−2
∣∣∣λbλd ∣∣∣ sin γ ∣∣PT ∣∣ sinφ
1− 2
∣∣∣λbλd ∣∣∣ cos γ ∣∣PT ∣∣ cosφ+ ∣∣∣λbλd ∣∣∣2 ∣∣PT ∣∣2 ≈ −13× 10
−4
∣∣∣∣PT
∣∣∣∣ sinφ . (19)
For the D0 → K+K− decay the same formalism applies with some obvious replacements. The
branching ratios are quite well measured:
Br(D0 → K+K−) = (3.97± 0.07)× 10−3,
Br(D0 → pi+pi−) = (1.407± 0.025)× 10−3, (20)
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and can be used to extract the size of T . In the last line of Eq. (19) numbers from the web-
update of Ref. [34] have been used for λb, λd (|λb/λd| ≈ 7×10−4) and γ = 65.81◦. The negative
sign in the CP asymmetry arises from the negative value of the CKM element Vcd. Since we
have λd ≈ −λs we expect different signs for the direct CP asymmetries in the pi+pi− and K+K−
channels. In order to quantify the possible size of direct CP violation, we only need to know
P/T and the strong phase φ. One can take the naive perturbative estimate |P/T | ≈ 0.1 [7] and
get ∣∣adirCP ∣∣ ≤ 1.3× 10−4 ,
|∆ACP | ≈ 13× 10−4
∣∣∣∣∣∣∣∣PT
∣∣∣∣
K+K−
sinφK+K− +
∣∣∣∣PT
∣∣∣∣
pi+pi−
sinφpi+pi−
∣∣∣∣ ≤ 2.6× 10−4 . (21)
This upper bound is roughly an order of magnitude smaller than the current experimental value
in Eq. (4).
We will now discuss the LCSR calculation of ∆ACP in order to determine if it is possible
that non-perturbative effects can enhance |P/T | by one order of magnitude.
3.2 LCSR estimate
Light-Cone Sum Rules (LCSR) [66] are a QCD based method allowing to determine hadronic
matrix elements including non-perturbative effects. This method was used by the authors of
Ref. [67] to predict the CP asymmetries in the neutral D-meson decays. In this paper, the values
of matrix element |T | were extracted from the experimental measurements of the branching
ratios of D0 → K+K− and D0 → pi+pi−, and the magnitudes and phases of P were determined
using LCSRs in the same way as it was done before for non-leptonic B → pipi decays [68, 69].
Within this framework they get for the ratios of penguin to tree-level matrix elements the
following values: ∣∣∣∣PT
∣∣∣∣
pi+pi−
= 0.093± 0.011 ,∣∣∣∣PT
∣∣∣∣
K+K−
= 0.075± 0.015 . (22)
It is interesting to note that these numbers agree very well with our naive estimates from the
previous section. Note that the authors of Ref. [67] do not predict the relative strong phase
between the tree-level T and penguin P contributions. As a result, this relative phase remains
a free parameter. Allowing for arbitrary relative strong phases yields the following bounds for
the direct CP asymmetries [67]:
|adirCP (D0 → pi+pi−)| ≤ (1.2± 0.1)× 10−4 ,
|adirCP (D0 → K+K−)| ≤ (0.9± 0.2)× 10−4 ,
|∆ACP | ≤ (2.0± 0.3)× 10−4 . (23)
In addition, the authors of Ref. [67] quote the following predictions:
adirCP (D
0 → pi+pi−) = (−1.1± 0.1)× 10−4 ,
adirCP (D
0 → K+K−) = (+0.9± 0.2)× 10−4 ,
∆ACP = (+2.0± 0.3)× 10−4 , (24)
based on the assumption of vanishing strong phases of the tree-level amplitudes T .
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Because of the severe consequences of the results in Eqs. (23) and (24) we would like to
make some comments regarding these values and to briefly investigate in what direction the
work of Ref. [67] could be further improved. First, note that uncertainties quoted in Eq. (24)
are pure parametric and do not account for several missing factors discussed below. As the
authors state, the amplitude T contains matrix elements of different topologies, which can
generate non-trivial strong phases in T , as one can see in section 3.1 – this is neglected in the
current version [67]. Moreover, note that in the determination of P the authors of Ref. [67]
neglected contributions of pure penguin operators Qi≥3 due to smallness of the corresponding
Wilson coefficients. In the analysis only contributions due to two-particle twist-2 and twist-3
of the pion (kaon) light-cone distribution amplitudes were kept. It is also important to stress
that they used the calculation of the penguin topology hadronic matrix elements of B → pipi
decays performed in Refs. [68, 69] and adapted it for D meson decays. But in the case of the
charm meson decays such a computation suffers from larger uncertainties due to bigger values
of power corrections ∼ ΛQCD/mc, which are more sizeable compared to the case of B meson
decays.
As it is pointed out in Ref. [65], the calculation of the D-meson decays on the lattice is
quite challenging due to an appearance of many open channels including two, four, six, etc.
pions as well as KK¯ and ηη states. In the framework of the LCSR method, contributions of the
excited states with quantum numbers of pion and D-meson (see definition of the corresponding
correlation function in eq. (20) in Ref. [67]) are absorbed in the spectral density function ap-
proximated by means of quark-hadron duality that leads to introducing new effective threshold
parameters spi,D0 (see Ref. [67] for more details).
We can naively estimate the size of the higher (> 3) twist effects (∼ 15 %), higher pertur-
bative radiative corrections (∼ 13 %), missing terms in the OPE proportional to O(s0/m2D)
(∼ 30 %) as well as systematic uncertainties related to the assumption of quark-hadron duality
(∼ 30 %) and of missing contributions of the penguin operators Qi≥3 (∼ 40 %). After adding
all them in quadratures, we expect for the ratios of the matrix elements the values with larger
uncertainties: ∣∣∣∣PT
∣∣∣∣
pi+pi−
= 0.093± 0.056 ,∣∣∣∣PT
∣∣∣∣
K+K−
= 0.075± 0.048 , (25)
which would then modify the SM bound for ∆ACP to
|∆ACP | ≤ (2.2± 1.4)× 10−4 ≤ 3.6× 10−4. (26)
To be conservative we will use as an upper bound the value 3.6 × 10−4 in our BSM analysis.
Note that the central value in Eq. (26) slightly differs from Eq. (23) due to using more recent
input for the CKM parameters [34].
Finally, one could compute both T and P hadronic matrix elements entirely with the LCSR
method. In that case, one would be able to predict the relative strong phases and as a conse-
quence get a more robust SM prediction for ∆ACP , instead of the estimate in Eq. (23). This is
a time intensive calculation and we postpone it to a future study.
4 BSM explanations of CP violation in charm decays
One of the simplest explanations of the anomaly relies on extending the SM with a Z ′ with
flavour-non-diagonal couplings. The new physics contribution needs to explain the difference
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between the SM prediction and the experimental value. The minimum amount of asymmetry
needed to reconcile the theoretical bound, Eq. (26), and experimental value, Eq. (4), is given
by
∆NP = ∆A
Exp.
CP −∆ASMCP = (−11.8± 2.9)× 10−4. (27)
We will assume that the relevant Lagrangian reads:
LBSM = 1
2
m2Z′Z
′
µZ
′µ + Z ′µ
[
gdddLγ
µdL + gsssLγ
µsL + (gcuuLγ
µcL + h.c.)
]
. (28)
The amplitude of the D0 → K+K− decay in this case takes the form
A =
GF√
2
(λsT + λbP ) +
1
4
gcugss
m2Z′
AsBSM =
GF√
2
λsT
[
1 +
λb
λs
P
T
+ g˜2sA˜
s
BSM
]
, (29)
where
g˜2s ≡
√
2gcugss
4GFλsm2Z′
, A˜sBSM ≡
AsBSM
T
=
〈K+K−|u¯γµ(1− γ5)c s¯γµ(1− γ5)s|D0〉
〈K+K−|u¯γµ(1− γ5)s s¯γµ(1− γ5)c|D0〉 , (30)
where the last equality is to leading order in αs. Naive colour counting yields |A˜sBSM | ≈ 1/Nc; to
be conservative we will use below |A˜sBSM | ∈ [0.1, 1]. From here on, we neglect the SM penguin-
tree level ratio, because that is the main source of the SM contribution, ∆ASMCP mentioned
before. This implies that the new physics contribution to the direct CP asymmetry reads:
adirCP =
2 |g˜s|2
∣∣∣A˜sBSM ∣∣∣ sin δsBSM sinφsBSM
1− 2 |g˜s|2
∣∣∣A˜sBSM ∣∣∣ cos δsBSM cosφsBSM + |g˜s|4 ∣∣∣A˜sBSM ∣∣∣2
≈ 2 |g˜s|2
∣∣∣A˜sBSM ∣∣∣ sin δsBSM sinφsBSM , (31)
with δsBSM = arg(g˜
2
s) and φ
s
BSM = arg(A˜
s
BSM). The generalisation to the pi
+pi− case is straight-
forward. To explain the central value of ∆NP within this model we need
∆NP = 2 |g˜s|2
∣∣∣A˜sBSM ∣∣∣ sin δsBSM sinφsBSM
−2 |g˜d|2
∣∣∣A˜dBSM ∣∣∣ sin δdBSM sinφdBSM . (32)
Let us assume, for now, that the whole effect originates in the K+K− final state, namely
gdd = 0. We get:
∆NP = 2 |g˜s|2
∣∣∣A˜sBSM ∣∣∣ sin δsBSM sinφsBSM
⇒ |gcu| = ∆NP
√
2GFλsm
2
Z′
gss
(∣∣∣∣AsBSMT
∣∣∣∣ sin δsBSM sinφsBSM)−1 . (33)
Fixing sin δsBSM sinφ
s
BSM = −1, we plot in Fig. 1 the value of |gcu| as a function of mZ′ for
different choices of |A˜sBSM |, for a central value of ∆NP = −11.8 × 10−4 (left panel) and for a
two-sigma departure of ∆NP = −6.0× 10−4 (right panel).
We have fixed gss to the maximum value allowed by the most stringent LHC constraints,
provided by the CMS analysis of Ref. [70] and by the constraint on the width of the SM Z boson.
By tagging Z ′ production with an additional initial state radiated jet, the CMS search explores
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Figure 1: The values of |gcu| as a function of mZ′ that explain ∆NP = −11.8 × 10−4 (left
panel) and ∆NP = −6.0 × 10−4 (right panel). The dotted line corresponds to |A˜sBSM | = 0.1,
the dashed-dotted line stands for |A˜sBSM | = 1/3 and the dashed line corresponds to |A˜sBSM | = 1.
The grey region is ruled out by D0 −D0 oscillations. We have fixed gss to the maximum value
allowed by collider experiments; see the text. Within the red region, the dominant constraint
comes from the Z width, while outside this region the dijet searches are more stringent.
masses as small as 50 GeV, superseding previous searches by UA2 and CDF. In order to estimate
the upper bound on gss from dijet searches, we computed the Z
′ production cross section in pp
collisions at
√
s = 13 TeV for masses in the range mZ′ ∈ [50, 1000] GeV, using MadGraph [71]
with an UFO model [72] implemented in Feynrules [73]. Denoting by σtheory the theoretical
cross-section for gss = 1 and σlimit the experimental limit provided in the left panel of Fig. 7 of
Ref. [70], we obtain
gmaxss =
√
σlimit
σtheory
. (34)
Loops of strange quarks induce mixing between the Z and the Z ′, which in turn leads to
corrections to the width of the Z. This width is well measured [56] and implies an upper bound
on gss. In order to estimate the minimal allowed mixing between the Z and the Z
′ (without
fine tuning) we set this mixing to zero at a cut-off scale Λ, cZ(Λ) = 0. The RG flow of the
mixing parameter is governed by [74]:
µ
dcZ
dµ
= − gsse
32pi2s2wcw
[
3− 4s2w
]
, (35)
with e =
√
4piα and sw and cw the sine and cosine of the Weinberg angle. The Z − Z ′ mixing
is of order cZ(mZ) = 0.024gss for Λ = O(1) TeV. This in turn introduces a correction to the
width of the Z boson [75]:
∆ΓZ
ΓZ
=
gsscZswcwVd
3g(1−M2Z′/M2Z)(2V 2u + 3V 2d + 5/16)
, (36)
where Vu,d = ±1/4− (3± 1)s2w/6. This translates to a bound on gss, which we show in Fig. 1.
The guc coupling induces D
0−D0 mixing. We take the limit from Ref. [19] and show it also in
the Fig. 1. At first, it may seem that since the experimental value of x has changed by a factor of
two since the analysis of Ref. [19], this analysis may be no longer applicable in its original form.
However, the relevant change in the range of possible long-distance contribution to the M12 due
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to change in x is only 10%. In order to repeat the method of Ref. [19] we would need to scan
over a range MLD12 ∈ [−0.017 ps−1, 0.017 ps−1] and ΓLD12 ∈ [−0.036 ps−1, 0.036 ps−1], as compared
to previous ranges of MLD12 ∈ [−0.02 ps−1, 0.02 ps−1] and ΓLD12 ∈ [−0.04 ps−1, 0.04 ps−1]. For this
reason, we simply adopt the previous results.
We note that the central value of the LHCb measurement can be explained within this
model provided mZ′ . 80 GeV. It may seem possible to avoid the dijet bounds by allowing
the Z ′ to decay into other final states. However, this is not the case. The cross-sections for Z ′
decaying into two particle final states such as light leptons, taus and bottoms are constrained
to be a factor of ∼ 3000, ∼ 100 and ∼ 30 smaller than the dijet cross-section [76, 77, 78].
On other hand, invisible decays of the Z ′ are severely constrained by the monojet searches as
shown in Ref [79]. The fact that we can resolve ∆AExp.CP for mZ′ < 80 GeV motivates further
searches for light Z ′ bosons.
Had we assumed that the anomaly is due mostly to the pi+pi− decay, the production cross-
section for Z ′ would be enhanced by the larger d-quark parton distribution functions by a factor
of x ∼ 4. This would increase the guc necessary to explain the ∆AExp.CP by a factor of
√
x ∼ 2,
effectively ruling out most of the parameter space of the model. In principle, it is possible to
arrange for the new physics to contribute to ∆ACP from both K
+K− and pi+pi− decays, but
the gain in such scenario is minimal.
We would like to highlight the fact that Z ′ models have been suggested as solution to other
flavour anomalies such as violation of lepton universality in B → K∗l+l− [80]. Whether these
mechanisms can be unified in a single framework is a good starting point for future work.
Finally, let us comment on other simple extensions of the SM that could explain the mea-
sured value of ∆ACP . These include a W
′ and a heavy gluon G. The former can not introduce a
new source of CP violation, because it involves an identical strong matrix element and therefore
sin δsBSM = 0. A class of quirky solutions may come from arranging for destructive interference
between the SM tree-level and new physics contributions in the Kaon final state decays. This
would lead to a significant enhancement of the contribution of the penguin diagrams to the CP
violation and could produce large ∆AExp.CP . Unfortunately, such a change of the matrix element
leads to a significant change of the partial decay width D0 → K+K− and appears unfeasible.
Regarding the heavy gluon, masses above 100 GeV are excluded irrespectively of gss or gdd,
since they can be pair produced in a model-independent way via QCD and no significant excess
over the SM background has been observed in the corresponding searches; see Refs. [81, 82]. To
the best of our knowledge, there are no searches for pair-produced massive gluons with mass
below 100 GeV.
5 Conclusion
Compared to the situation in 2011, we have learnt that HQE tools can successfully describe
the lifetime ratio of charmed mesons. The apparent failure of the HQE for D mixing, the
naive estimate of a correction of the order 104 might come from a non-perturbative effect as
small as 20%. These new theory developments increase our confidence in first principle QCD
methods, like LCSR, for the charm sector. Within this framework we find a maximal value
of |∆ASMCP | ≤ 3.6 × 10−4, which deviates significantly from the experimental result. The next
steps to further strengthen our confidence in the theory tools would be a higher theoretical
precision in the lifetime predictions of τ(D+)/τ(D0) due to a determination of the arising non-
perturbative matrix elements with lattice QCD - a higher precision can also be obtained within
the HQET sum rule approach if the HQET-QCD matching will be performed at NNLO. Next
these calculations (lattice and HQET sum rules) should be extended to lifetimes ratios of the
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D+s meson and charmed baryons, where we have so far only LO estimates [83], that seem to be
affected by cancellations peculiar to the exclusive use of LO expressions. For a full confidence
on claiming a BSM origin of the measured ∆ACP value, also a first principle determination of
the tree-level contributions to the decays D → pipi and D → KK will be necessary. One can
in principle compute both tree-level and penguin hadronic matrix elements entirely within the
Light-Cone Sum Rules method (following Ref. [67]), despite accounting of different topologies
in the tree-level matrix element within this method will require much more computing efforts.
This will allow to determine not only the magnitudes of both matrix elements and their ratio
but also to predict relative strong phase. As a consequence one will get a real SM prediction
for ∆ACP (not just a bound for magnitude) from the first principles of QCD providing an
additional test of the Standard Model in the charm sector.
Thus we have also explored the possibility of explaining this discrepancy by extending the
SM with a leptophobic Z ′ with flavour-violating couplings to cu quarks and flavour-conserving
couplings to ss quarks, without conflicting with dijet searches at colliders, measurements of the
SM Z-boson width and D0 − D0 oscillation data. We show that this is feasible for mZ′ . 80
GeV and |guc| ∼ 10−4 for maximal value of A˜sBSM . For the most likely value of A˜sBSM ∼ 1/3,
one can still explain the anomaly provided mZ′ . 60 GeV. It is exciting that off-diagonal
couplings in the down sector of the same order of magnitude can address the RK(∗) anomalies
as well [84]. There are no constraints from dijet searches below mZ′ ∼ 50 GeV, and so this
anomaly motivates further experimental effort in the low mass Z ′ frontier.
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Note added
After this work was finished two papers appeared on the arXiv [85, 86] attributing the new
LHCb measurement of ∆ACP to SM effects. We acknowledge the line of thought in these two
papers, but we do not see the necessity for assuming an O(10) enhancement of hadronic effects
over the perturbative SM estimate, even if this assumption is self-consistent.
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